Abstract One of the scale problems in hydrology is to relate nonlinearity in basin response to size and other factors. On the Sputka basin (103.4 km 2 ), three groups of unit hydrographs were identified, each group having a common shape parameter, TV, of the Nash model and each, therefore, representing one dimensionless response. The existence of the three dimensionless responses can be explained in the first place by there being different spatial rainfall patterns for the events from which they were derived. The time parameter, K, within the individual groups depends primarily on the initial flow and on the skewness of the rainfall time pattern. However, when the conditions of rainfall uniformity and of a minimum depth are strictly met, and the initial flow is in a certain range, the basin behaves in a linear fashion.
INTRODUCTION
Classical linear unit hydrograph (UH) theory is usually expected to apply to larger rather than smaller basins. On two small basins (0.109 km 2 and 1.174 km 2 ), Minshall (1960) found a clear relation between the basin response and the rainfall intensity. The unit hydrographs for either basin differed in the time to peak (measured from the beginning of excess rainfall). Moreover, the rainfall events formed two distinct groups depending on whether the period of high intensity occurred at the beginning of, or late in, the storm period. For the larger basin the rainfall intensity had less effect on the response differences. Dooge (1977) showed that MinshalFs unit hydrographs derived from storms with different rainfall intensities, if plotted with dimensionless coordinates (T = tlt L 
, H = h.t L ) gave a single dimensionless response, where t [h] is time; h [h

A
] is the value of the (I)UH; and t L [h] is the basin lag (defined as the time difference between the centre of mass of the effective rainfall and the centre of mass of the direct runoff). Wang et al. (1981) proposed that a relation exists between the mean holding time of the basin (basin lag) and the expression (i 0 )"™, where i 0 is the rainfall intensity and a > 0 is a measure of nonlinearity which for larger basins (above about 2500 km 2 ) approaches zero. Rodriguez-Iturbe et al. (1982) formulated a geomorphoclimatic theory taking into account the effect of rainfall characteristics (duration and intensity) of the storm from which the response was derived. Rosso (1984) showed that the shape parameter, N, of the Nash model can be regarded as a geomorphological feature of the basin and that geomorphoclimatic theory can be accounted for in the scale parameter, K [h] .
In a study by Caroni et al. (1986) on a 1.09 km 2 basin, the nonlinearity decreased with increasing storm (runoff) intensity and did not have any relationship with the initial baseflow. Chutha & Dooge (1990) found by numerical experiments that the product of the UH peak and the basin lag is remarkably stable.
The present study examines both the dependence of the response for a 103.4 km 2 basin expressed as a classical Nash model and of the dimensionless response with the coordinates {tlt L , h.t L ) on both the space-time rainfall pattern and the initial flow, Q Q , (total flow at the start of the flood hydrograph).
THE SPUTKA BASIN
The Sputka basin has an area of 103.4 km 2 and is shown in Fig. 1 (in which SUD, CHUR, CHL, LIZ, VAC are the recording raingauge stations Sudslavice, Churânov, Chalupy, Na Lizu and Vacov, respectively; and BOH is the recording runoff station Bohumilice). The forested area is 39%, with grass and pasture 48% and 13% cropland. The average annual precipitation amounts to 727 mm. The mean discharge at the outlet is 1 m 3 s"
1
. One year and 5 year peak flows are estimated to be 17 and 39 m 3 s" 1 , respectively. The storm data were available at 1 h intervals for more than 40 events (Balek, 1975; Janousek & Mates, 1980) . In the 1960s, the three recording raingauges at CHUR, CHL and VAC were in operation, while in the 1970s there were four (CHUR, VAC, LIZ and SUD).
METHODS OF COMPUTING THE UNIT HYDROGRAPHS
Areal rainfall was computed as the arithmetic average of the three or four (Kulasovâ et al, 1985) .
stations. Direct runoff was separated by a straight line method. Usually four segments were found in the logarithmic plot of the falling limb of the runoff hydrograph. The end of the second was taken as the end of the direct runoff. The first segment was sometimes missing. Only events having the second segment were processed further. Effective rainfall was computed by the windex method (i.e. initial retention and constant loss). The volume of effective rainfall was made equal to that of direct runoff.
Unit hydrographs expressed as two parameter conceptual models were identified using the PICOMO program (Dooge & O'Kane, 1977) by moment matching (first and second moments). Laurenson & O'Donnell (1969) found that a number of conceptual models are more effective in filtering out the errors in data than all the algebraic methods except those based on orthogonal series.
The efficacy of a conceptual model can be evaluated in the shape factor diagram (Dooge, 1977) , where the shape factors, S 2 and S 3 , are computed from the equation:
where: U R (f) is the Rth moment of a function,/, about the centroid; and U^tf) is the first moment of a function, /, about the origin. The points representing rainfall-runoff events on the Sputka basin plot along the line of the Nash model equation:
The second best model is the two parameter convective diffusion reach equation:
where a and b are parameters. The scatter of the individual events, however, is considerable as seen in 
THE DIMENSIONLESS RESPONSES
After transforming the unit hydrographs into the dimensionless form, three distinct non-overlapping groupings denoted A, B and C became apparent, each having quite a stable product of UH peak and t L and a stable ratio of the time to peak to t L . Originally, the events from the 1960s and the 1970s were treated separately because of the different network of rainfall stations. In both periods, however, similar dimensionless responses were identified (Fig. 3 ). In addition, for the 1960s a fourth group D was found close to A (Figs 2 and 3) . The dimensionless responses of the convective diffusion reach model showed the same pattern.
It was decided not to distinguish further between the two periods and to combine the A and D groups.
The individual groupings can be related to the distinct rainfall pattern of their causative storms indicated in a schematic way in Fig. 3 . Some characteristics of the storms are given in Table 1 . The rainfall at the upper part of the basin (described by the total depth at the CHUR station, P CH ) is usually heavier as can also be seen from the isolines of mean annual maxima of one day rainfall totals (Kulasovâ et al., 1985, Fig. 1) . The space variability is best characterized by the ratio of the total depths at the SUD and CHUR stations, P S IP CH . In most cases there is not much difference between the respective total rainfall durations, D s and D CH .
The response A (including D) is generated if, for a particular event, the difference between the rainfall depths over the upper and lower part of the basin is not too large (i.e. effective rainfall of C events was very short and non-uniform in space (in some stations it did not rain at all) or consisted of two short periods with an interval between them. All three groups contained peak flows larger than 10 m 3 s" 1 . Only two small events failed to fit into any group.
RELATIONSHIPS WITHIN THE FAMILIES OF UNIT HYDROGRAPHS
The groups A, B and C of UHs are presented in Fig. 4 . The differences in the basin lag within each group are quite large. No relationship with the rainfall intensity could be found.
The causative storms for each group in Table 1 are ordered in the same way, beginning with that corresponding to the UH with the sharpest peak (shortest t L ). In both Fig. 4 and Table 1 the net volumes, P e , are given. Also in the text the events are referred to by their P e value.
In group A, three UHs occupy a central position. They are denoted by a dashed box in Fig. 4 and the corresponding storms are separated from the others in Table 1 . Two of them (P e = 2.1 and 3.1 mm) met the requirements of classical UH theory (i.e. rainfall uniform in time and space) much better than the others. Their UHs are very close. The third one is the largest flood available (P e = 17.4 mm, a five-year peak flow). Those three events are considered to provide the correct estimates of the basin response (N = 2.4, K = 3.6 h) under the framework of the Nash UH method.
Various characteristics were examined to explain the deviations in t L of the other A responses. The most telling are the initial flow, QQ, (Fig. 4) and the characteristics of the rainfall pattern given in Table 1 . High Q Q leads to a reduction in t L . The skewness coefficients of the time distribution of total rainfall, C PA and C PS , were computed using the areal average and the SUD station rainfall, respectively, from the equation:
where P, = P t {t) is the intensity of total rainfall [mm h" 1 ]. The skewness coefficient, C P , is positive when the period of the highest intensity is at the beginning of an event. Large negative C PA tends to cause a reduction in t L and vice versa. It is the skewness, C PS at the SUD station, located near the outlet, which has an especially large effect on t L (e.g. UH A with the third sharpest peak, P c = 3.7 mm; Fig. 4 , Table 1 ). The influence of C P for the stations in
Fig. 4 Groups A, B, C of 1 h UHs for Nash model with net rainfall volumes P e and initial flows Q 0 ; box for group A shows UHs with best estimate of t L .
the upper part of the basin gets damped. The quantity t s . CH is defined as a time difference between the centres of mass of total rainfall at the SUD and CHUR stations, suggesting a movement of the storm over the basin. It brings about a reduction in t L if negative (direction CHUR -* SUD, e.g. the event with P e = 2.1 mm just above the dashed box in Fig. 4 ) and a lengthening if positive (SUD -» CHUR, e.g. the event with P e = 7.9 mm).
Similar tendencies were found in groups B and C. No attempt, however, was made to identify a UH in a central position. For the group B, the ratio P S IPCH ' s lower and t L is more sensitive to that ratio because of a shorter duration of rainfall.
Due to the complexity of the effect of the space-time rainfall pattern, none of the relationships is entirely consistent. Moreover, the SUD station, which makes it possible to express the space variability, was not in operation before 1966 so that for only about half of the events are the corresponding characteristics available.
DIMENSIONLESS RESPONSES WITH THE NASH PARAMETER N
The only parameter of the dimensionless response is the shape parameter, N (the number of linear reservoirs), as can be seen from the equation:
which is obtained from equation (2) by substituting h = Hlt L and t = T.t L , and using the Nash model relationship:
The parameter N should then be identical for all the events within a particular UH group and the individual UHs should differ only in K. This was not exactly the case. If it were, all the events of the A group of UHs would cluster around the point N = 2.4 on the Nash curve in the shape factor diagram (Fig. 2) . Instead, there is a scatter of points between N -1.8 (event in group A with the highest UH peak: P e = 1.3 mm, K = 2.4 h; Fig. 4) and N = 3.7 (event in group A with the second lowest UH peak: P e = 0.8 mm, K = 4.6 h). Each point between the vertical lines in Fig. 2 (group A including events D) has a different pair of parameters (N, K) connected with t L by equation (6).
If it is assumed that the deviations in N are caused by the error of estimation, the correct value being N = 2.4, and that the estimation of t L for a particular event is free of error, then a corrected K can be computed from equation (6). The goodness of fit of any such new pair of parameters can be checked by simulation on the event in question.
For example, the UH with the highest peak of group A (P e = 1.3 mm) and t L = 4.3 h has parameter values N = 1.8 and K -2.4 h found by the moment method. The error in the magnitude of the peak for a simulation with those parameters is -5.1%, and the error in the timing of the peak ±0 h. If the simulation is carried out with the best estimate of N = 2.4 instead of N = 1.8 and the corrected K = t L IN = 4.3/2.4 = 1.8 h (keeping t L in equation (6) the same), the respective errors are +1.4% and ±0 h. The same procedure for the UH with the lowest peak from group A in Fig. 4 (P e = 0.5 mm) and t L = 18 h (calibrated N = 3.2, K = 5.6 h, errors -17%, +4 h) yields, with N = 2.4, the parameter K (= t L IN = 18/2.4) = 7.5 h. The new pair of parameters produces simulation errors -24% and +2 h. It can be seen that the dimensionless response with N -2.4 describes the Sputka basin quite well.
DISCUSSION AND CONCLUSIONS
The basin response for an A event is produced if the whole basin contributes to the storm runoff or rather, referring to the variable source area concept (Hewlett & Nutter, 1969) , if all the usual source areas of direct runoff contribute. For that, a certain minimum amount of effective rainfall is necessary which is better expressed as the depth than as the intensity. In the case of the responses for B and C events only some of the source areas contribute appreciably. For group B it is the upper area where the rainfall is usually heavier; for group C it is the response to a short rainfall the bulk of which has fallen on the middle or lower part of the basin and the upper part not contributing enough or at all. Each of the dimensionless responses has its own parameter, JV (Fig. 2) , which agrees with the interpretation of the value of N in the Nash UH as dependent only on the geomorphology of the basin.
The effect of Q 0 within the individual groups of UHs can be put down to two reasons. Firstly, high QQ means that source areas have already expanded and make the response more rapid. The other reason might be that at higher flows, the starting point of the separation line is sometimes not very well defined and this can influence the lag to some degree.
When the requirements of UH theory are strictly met on the Sputka basin the linear theory is valid. This can be seen on the two not very large events (in Fig. 4 in the dashed box) with P e = 3.1 mm (lower intensity, effective rainfall practically uniform in time and space with a duration of 6 h) and P e = 2.1 mm (comparatively high intensity lasting 1 h). Those conditions, i.e. space and time uniformity, were met only twice in 29 cases. Events with larger net volumes (e.g. P e = 3.7, 17.4, 7.9 mm, group A in Table 1 , Fig. 4) , however, tend to converge to this correct estimate of basin response if it is only the condition of time uniformity which is violated.
The characteristics of the rainfall pattern were computed from the total rainfall because the effective rainfall is in most cases too short. This, however, does not seem too incorrect because the shape of the effective rainfall is, in any case, a very crude estimate. In fact, most of the losses which are subtracted (infiltration) cause an enlarging of the source areas of direct runoff. The division into two processes is a mere schematization. Table 2 describes conditions that an event on the Sputka basin has to meet in order to yield a reasonably correct estimate of the group A response of the Nash model. With some caution the experience from the Sputka basin could be used on basins of similar size and character, where, perhaps, only several UHs might be available. The parameters to estimate are t L , iVand K connected by equation (6). The total rainfall has to be without zero rainfall intervals. This way, comparatively large events get excluded (group C, P e = 0.9 and 4.1 mm; Table 1 ).
For the estimate of t L (Table 2 , section (a)) the most important conditions are those of sufficient rainfall volume (P e , P CH ), its space distribution (P CH ,
. The range of Q 0 could be related to the mean annual discharge (the values of Q Q found on the Sputka for the correct estimates were a little below that discharge).
The effect of the spatial rainfall pattern should be represented by stations located in the area of the heaviest rainfall and of the most developed river network. On the Sputka those requirements are best met by the CHUR station (even if its Thiessen coefficient is not the greatest). That is why an approximately correct estimate of t L can be provided also by events of group B, if P CH is large enough (events B with P e = 2.7 and 3.6 mm). The second most important station is SUD near the outlet. When the basin is saturated the rainfall on this area produces an almost immediate response.
In order to use sections (b) and (c) in Table 2 on another basin it is necessary to make sure that the dimensionless UH exists by plotting several UHs in the dimensionless ordinates. If some of them plot approximately into the same dimensionless UH, it is possible to find a common N by trial and error.
The parameter N (section (b)) can be estimated from almost any event, the effective volume, P e , of which is greater than a certain minimum and which covers the whole catchment {P S IP C H)-A longer effective rainfall duration, D e ensures that all the usual source areas contribute. In section (c), the conditions for the approximate estimate of both iV and K are given. Constraints have to be imposed on the time pattern (C PA ). Further conditions concerning the space-time pattern of rainfall (C PS , t s _ CH ) are added. A longer duration of the effective rainfall partly offsets the influence of a nonuniform space-time rainfall pattern on the estimate of K and t L (e.g. event in group A, P e = 7.9 mm). To achieve such a stabilizing effect, D e should be of the same order of magnitude as the identified basin lag (for the Sputka it is about two-thirds of t L ). This set of conditions on the Sputka implies a certain range of t L , say, 7.5 to 10.5 h, the corresponding K from 3.13 to 4.38 h and the error in UH peak from +13 to -19%. If some events on another basin fulfilling similar criteria are available and have, for example, all negative C PA , then the estimate with the C PA closest to zero should be selected instead of, say, averaging the parameters or the peaks.
Section (d) presents the conditions of almost uniform space-time rainfall patterns and stricter limits on Q 0 . The lower limit on D e is no longer needed but the effective rainfall has to be continuous. If, on another basin, an event fulfilling such conditions is available, more confidence should be placed in the estimate than in the others.
The question which needs to be solved for practical purposes in the first place is whether the lumped approach is right for a basin with such an important influence of spatial rainfall variability. The response^ convolved with data type C gives errors in peak in the range of -50 to -70%.
For further research on the Sputka basin, its sub-basins and possibly a wider area, the geomorphic or geomorphoclimatic approach is indicated. Some way of introducing the effect of altitude will be indispensable. Also, a distributed or semidistributed approach could be investigated.
